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Hypoxia-induced amphiphiles inhibit renal Nal,KFATPase. We have
characterized the effects of hypoxia on carnitine metabolism in proximal
tubules. Hypoxia for 10 minutes resulted in a significant increase in the
mass of long chain acylcarnitines (LCAC) (control 53 20 vs. hypoxia 118
38 pmol• mg' protein). Since LCAC are proximal metabolites in the
/3-oxidation of fatty acids, these data suggest that inhibition of fatty acid
oxidation occurs during hypoxia in the proximal tubule. In addition to
LCAC accumulation, hypoxia resulted in a significant increase in the mass
of lysoplasmenylcholine LPLasCho (control 62 15 pmol/mg vs. 20 mm
hypoxia 146 21 pmol/mg protein, N = 4) and also in increases in the
mass of monoacyl LPC (control 122 24 pmol/mg protein vs. 283 35
pmol/mg protein after 40 mm of hypoxia). We tested the possibility that
these compounds that accumulate during hypoxia could inhibit proximal
tubule Na,K-ATPase, LPC, LPlasC. and LCAC inhibited proximal
tubule nystatin-stimulated oxygen consumption (002) and proximal tu-
bule Na,KtATPase activity in a dose-dependent manner. In addition,
LPC, LPIasC, and LCAC directly inhibited (65%, 80%, and 60%, respec-
tively) Na,K-ATPase activity purified from kidney cortex at similar
concentrations at which they accumulate during hypoxia (above 25 LM).
The present data suggest that amphiphile accumulation may have a
potential pathophysiologic role in the proximal tubule during renal
ischemia.
Na ,K-ATPase is a surface membrane protein responsible for
translocating sodium and potassium ions across the cell mem-
brane utilizing ATP as the driving force. This transport produces
both a chemical and an electrical gradient across the cell mem-
brane. The electrical gradient is essential for maintaining the
resting potential of cells and for the excitable activity of muscle
and nerve tissue. The sodium gradient is used to drive numerous
transport processes, including the translocation of glucose, ami-
noacids and other nutrients into cells. In addition to vectorial
transport in epithelia, that is, Na reabsorption and K secretion
in renal tubules, the Na,K-ATPase participates in the regula-
tion of cell composition and volume, and cell proliferation and
differentiation [1—3].
One of the most consistent features of different models of acute
renal failure (ischemia and obstructive uropathy) is a marked
reduction in the activity of Na,K-ATPase [4, 5]. This loss of
activity accounts for many of the functional abnormalities present
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in acute renal failure. Several mechanisms have been postulated
to be responsible for the loss in the activity of Na,K-ATPase.
ATP depletion and relocation of the enzyme from the basolateral
to intracellular and apical membranes have been demonstrated
[6—8]. Brunskill et al [5] reported that the reduction in Na,K-
ATPase activity in ureteric obstruction was not related to reduced
quantity of enzyme but to changes in the lipid environment of the
basolateral membrane. Therefore, the loss of Na,KtATPase
activity may be due to inhibition of that activity rather than loss of
the protein.
Renal ischemia results in the activation of calcium-dependent
and -independent phospholipases A2, which leads to the produc-
tion and accumulation of lysophospholipids and fatty acids [9—13].
Our recent studies have shown the role of plasmalogen-selective
calcium-independent phospholipase A2 in hypoxic injury to renal
proximal tubules [11, 13]. The ability of the amphiphilic metabo-
lite lysoplasmenylcholine (LPlasCho), generated by PLA2-
mediated hydrolysis of proximal tubule plasmalogens, to inhibit
Na,K-ATPase has not been previously examined in any tissue.
Although amphiphilic metabolite monoacyl lysophosphatidyicho-
line (LPC), generated by the activation of calcium-dependent
PLA2, has been shown to inhibit Na,K-ATPase in heart tissue
[14—16], the ability of LPC to inhibit Na,K-ATPase in the
proximal tubule has not been examined.
In addition, inhibition of fatty acid oxidation in ischemic tissue
[17, 18] can potentially lead to the accumulation of long chain acyl
carnitines (LCAC). Since there is no evidence to support that
inhibition of the 13-oxidation of fatty acids in the proximal tubule
leads to the generation of LCAC, we have characterized the
effects of hypoxia on carnitine metabolism with an emphasis on
defining the hypoxia-induced alterations in LCAC formation. The
purpose of the present study was to examine the ability of three
structurally similar amphiphiles generated during hypoxia by
three independent mechanisms to inhibit Na,K-ATPase in
rabbit proximal tubule.
Methods
Experimental design
Proximal tubules were isolated from kidney cortex of New
Zealand white rabbits by collagenase digestion of kidney cortex
tissue and Percoll gradient separation [19]. Final tubule pellets
were resuspended at a concentration of 3 mg tubule protein/ml in
ice cold 95% 02/5% C02-gassed DME/F12 media. Each experi-
ment was initiated with a 20 minute pre-equilibration of the
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tubule suspension at 37°C in DME/F12 media bubbled with 95%
02/5% CO2. For hypoxic studies, tubule suspensions were gassed
with 95% N2/5% CO2 and incubated for 10 and 20 minutes prior
to sampling for lactate dehydrogenase release (LDH). Lactate
dehydrogenase release (LDH) was measured spectrophotometri-
catty on Triton-permeabilized 0.5 ml aliquots of tubule suspen-
sions and corresponding supernatants as described [19]. Protein
concentrations of the suspensions were measured by the Lowry
method [20].
Measurement of carnitine in proximal tubules
Total acid soluble carnitine (free and short chain carnitines),
and long chain acyl carnitines (acid insoluble) fractions in proxi-
mal tubules were separated based on the insolubility of long chain
acylcarnitine esters in 7% perchioric acid (PCA) and the use of
base catalyzed hydrolysis of fractions containing esterified carni-
tine. Immediately after each experimental condition 3 mg of
proximal tubule cell suspensions were added to 150 p1 70% PCA
and mixed thoroughly. The suspension was centrifuged at 10,000
g for 30 minutes, the supernatant removed, the pellet washed
twice with 2 ml 7% PCA and the remaining pellet resuspended in
250 jtl of distilled water for assay of the long chain acylcarnitine
fraction. A 200 pJ volume of 10 M KOH was added to the total
acid soluble carnitine and long chain acylcarnitine fraction to
achieve a pH above 12. The samples were then hydrolyzed in a
water bath at 70°C for 180 minutes. Fractions were neutralized by
the addition of 1 ml of I M HEPES buffer (pH 8.0) and an
additional 70% PCA or 10 M KOH was added to adjust the pH
between 7 and 8. The KCIO4 precipitate remaining after neutral-
ization was removed by centrifugation of the samples at 10,000 g
for 20 minutes, after which the precipitates were washed with an
additional 0.5 ml of distilled water. Free carnitine was measured
in each fraction by a modification [18] of the radioenzymatic
method of McGarry and Foster [21]. The reaction mixture in a
final volume of 1 ml contained: 120 xmol HEPES buffer, pH 7.4;
1.25 mol ethylene diamine tetra-acetic acid (EDTA); 2.0 .tmol
N-ethylmaleimide; 5 nmol (0.04 jiCi) 3H-acetyl CoA; and samples
or standards containing 2 to 100 pmol of free carnitine.
The reaction was initiated by the addition of 50 .tl of a solution
prepared by diluting 400 jxl of carnitine ace tyltransferase (120
U/mg protein in 2.9 M ammonium sulfate) and 150 p1 of 0.83 M
HEPES buffer (pH = 7.4) to a total volume of 2.0 ml with distilled
water. Samples were incubated at room temperature for 60
minutes. After incubation, 900 1il from each assay tube was
transferred to a 13 x 100 mm serum separator tube that contained
700 mg of acid washed Dowex AGI -X8 anion exchange resin for
removal of unreacted 3H-acetyl-CoA from the reaction mixture.
The serum separator tubes were placed inside 13 X 100 mm glass
culture tubes to form an airtight seal that allowed the reaction
mixtures to filter through the anion exchange resin when the
serum separator was partially withdrawn. An additional 300 JLl of
water was added to the resin and the serum separator was
withdrawn completely and discarded. A 900 p1 volume of the resin
eluate was added to a 10 ml of Econo-Safe scintillation cocktail
and radioactivity in the samples was counted with a liquid
scintillation counter. The concentration of carnitine in each
sample was determined from the least squares linear regression
analysis of samples of carnitine standards containing 20 to 100
pmol of carnitine. The results were normalized according to the
protein content of the cell suspension measured according to
Lowry [20] using bovine serum albumin as standard.
Synthesis of lysoplasmalogen
Homogeneous 1-0-(Z)-hexadec-1 '-enyl-sn-glycero-3-phospho-
choline [lysoplasmenylcholine (LPlasCho)] was prepared by mod-
ifications of previously described methods [22]. Briefly, bovine
heart choline glycerophospholipids were subjected to alkaline
methanolysis, extracted by the Bligh and Dyer method [231, and
purified by preparative HPLC utilizing a Partisil SCX cation-
exchange column employing a gradient of acetonitrile/methanol/
water (400/100/30 vol/vol/vol). Individual molecular species (we
used 16:0 lysoplasmenylcholine) were further resolved by prepar-
ative reverse phase HPLC using an octadecyl silica stationary
phase (Ultrasphere-ODS) (4.6 x 250 mm; 5 jtm particles) with
isocratic elution at 2 mI/mm, in conjunction with a mobile phase
comprised of methanol/water/acetonitrile (57:23:20 vol/vol/vol)
containing 20 m choline chloride.
Chromatographic separation and mass measurements of
lysoplasmalogens and monoacyllysophospholipids
Isolated rabbit proximal tubules harvested from rabbit kidney
cortex were subjected to varous times of hypoxia as decribed
above. At the end of the incubations normoxic and hypoxic
tubules were resuspended in 2 ml phosphate buffer and 100 p1
aliquot were removed for protein analysis. The remaining cell
suspension was then subjected to chloroform and methanol
phospholipid extraction according to the method of Bligh and
Dyer. The phospholipid extracts were taken to dryness under
nitrogen, resuspended in 100 p1 of hexane/isopropanol/water and
injected onto a silica-based column. Phospholipids were separated
from lysophospholipids by High-Performance Liquid Chromatog-
raphy using an isocratic linear gradient with a mobile phase of
hexane/isopropanol/water (46/46.5/7.0). Column effluents corre-
sponding to lysoplasmenylcholine and monoacyl LPC were col-
lected, evaporated under nitrogen and subsequently utilized for
mass measurements. The samples containing lysophospholipids
were incubated with [3H] acetic anhydride in the presence of
dimethylaminopyridine for 12 hours at 37°C. At the end of this
period the samples were dried under nitrogen and the acetylated
lysophospholipids formed separated by TLC as previously de-
scribed [24]. A standard curve was prepared by adding purified
17:0 LPC in amounts ranging from 0.5 to 15 nmol. The TLC plate
from the reagent blanks and the samples were scraped into liquid
scintillation vials and counted.
Determination of Q02
Proximal tubule suspensions were preincubated for 20 minutes
at 37°C in a shaker bath and bubbled with 95%02-5% CO2. The
rates of 02 consumption (002) were measured polarographically
in a closed 2 ml-chamber (Gilson Medical Electronics, Middleton,
WI, USA) with a Clark 02 electrode (Yellow Springs Instruments,
Yellow Springs, OH, USA). The oxygen tension in the tubule
suspensions was recorded as a function of time and the resulting
slope indicated the rate of Q02, which was calculated as a
function of tubular protein content as previously described [25].
To estimate continuously the Q02 rates, we waited until after a
stable recording was achieved. Then either vehicle or any of the
three amphiphiles was added. Nystatin (0.4 mg/mg protein) was
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subsequently added four minutes later, followed by the addition of
1 m ouabain one minute later. The 002 values before nystatin
were measured just prior to the ionophore addition; nystatin-
stimulated 002 was obtained from the initial change in slope right
after drug addition; ouabain-inhibited 002 rates were those
measured three minutes after the ouabain treatment (by this time,
50 to 60% of 002 was inhibited by ouabain). In some experi-
ments, 5 LM carbonylcyanide-p-trifluoromcthoxyphenyl-hydra-
zone (FCCP) was added instcad of nystatin to obtain the mito-
chondrial uncoupled 002 values. The FCCP rates were calculated
from the initial slope changes recorded after the mitochondrial
uncoupler was added. All experimental conditions were run in
parallel with controls. Nystatin-stimulated 002 was ouabain
inhibitable in control and experimental tubules, therefore reflect-
ing changes in activity of the sodium pump.
Proximal tubule Na ,K-ATPase was also tested in permeab-
ilized rabbit proximal tubules. Proximal tubule suspension (1
mglml) preincubated for 20 minutes in a shaker bath at 37°C and
bubbled with 95% 02-5% CO2 were transferred to an ice cold
bath and centrifugcd at 1000 rpm and 4°C for five minutes. The
supernatants were discarded and the pellets were subjected to a
hypotonic shock for 10 minutes, subsequently taken by aliquots
into microfuge tubes and frozcn in liquid nitrogen. After addition
of vehicle or amphiphile for three minutes Na,K-ATPase
activity was measured in thawed samples containing permeabil-
ized proximal tubules as previously described [25]. The amount of
phosphorus (Pi) produced was quantitated by a colorimetric
reaction. The results (nmol Pi mg proteint - min 1) are
expressed as the difference between total ATPase and ouabain-
insensitive ATPase.
Amphiphile effect on purified Na tK -A TPase
A purified preparation of Na,K-ATPase was obtained from
shark rectal glands [261 and dog kidney [27]. Its activity was
determined in the presence and absence of LPC, LPlasC, and
LCAC using a methodology previously described [28]. Briefly,
aliquots of purified enzyme (0.7 tg) were incubated in the
Nat ,K-ATPase assay medium," final volume 100 j.d, containing
(in mM): Na 70, KCI 5, MgC12 10, EUTA 1, Tris-HC1 50, Tris-ATP
3 and [32P]ATP, specific activity 3000 Ci/mmol (Amersham, UK)
in tracer amounts. After adding the desired concentration of
either LPlasC, LPC, or LCAC, the samples were incubated at
37°C and the reaction was allowed to proceed for 10 minutes. The
incubation time was terminated by rapid cooling at 4°C and
addition of TCAlCharcoal (5%I10%). After separating the char-
coal (14,000 rpm for s mm) an aliquot from the supernatant was
taken and the liberated 32P was counted. Ouabain-insensitive
ATPase activity was determined in samples devoided of sodium
and potassium, and in the presence of 1 mrvt ouabain. Neverthe-
less, the ouabain-insensitive ATPase activity of the preparation
was less than 2% of the total ATPase activity. Non-specific ATP
hydrolysis was determined in samples in the absence of purified
enzyme. Protein determination was performed according to Brad-
ford using a conventional dye reagent (Biorad, Richmond, CA,
USA).
Statistics
Results are means sE. All experiments were performed in at
least four independent cell preparations. Statistical significance
was determined by the paired Student's t-test. P C 0.05 were
considered statistically different.
Results
Alterations in carnitine metabolites in proximal tubules exposed
to hypoxia
To investigate the effect of hypoxia on carnitine metabolism we
measured the mass of proximal tubule total carnitine, free (unes-
terified) carnitine, short chain acylcarnitine (acylcarnitine species
containing fewer than 12 carbon atoms in the acyl chain) and long
chain acyl carnitines (more than 12 carbon atoms in the aliphatic
chain) under control conditions (normoxic) and after 10 and 20
minutes of hypoxic injury. As shown in Figure IA the total mass
of acid soluble carnitines (free and short chain acylcarnitines)
measured by the radioenzymatic method accounted for the ma-
jority of carnitine present in the proximal tubule (1181 218
pmol/mg prot). Hypoxia for 20 minutes resulted in a slight
decrease in the mass of total acid soluble carnitines. As shown in
Figure 1B, long chain acyl carnitine mass accounted for only 5%
of the total mass of carnitine measured in proximal tubules. After
10 and 20 minutes of hypoxia we observed a twofold increase in
the mass of LCAC (control normoxic 53 20 vs. 118 38
pmol/mg prot; N = 4, P C 0.05).
Changes in proximal tubule lysoplasmenylcholine (LPlasCho) and
monoacyl lysophospholipid (LPC) mass during hypoxia
To determine the effect of hypoxia on the intracellular levels of
proximal tubule lysoplasmalogen and monoacyl lysoPC we sepa-
rated these two metabolites by HPLC and then measure the mass
of the acetylated lysophospholipid under control conditions (nor-
moxia) and hypoxia. As shown in Figure 2A hypoxia resulted in a
significant increase in the mass of lysoplasmenylcholine levels
(control 62 15 pmol!mg protein vs. 20 mm hypoxia 146 21
pmol/mg protein; N = 5; P C 0.05).
Monoacyl LPC basal levels, although at least twofold higher
than the basal levels of lysoplasmenylcholine, did not change
significantly in the first 10 minutes of hypoxia but increased
significantly following 40 minutes of hypoxia (control 122 24 vs.
283 35 pmol/mg protein; N = 4; P C 0.05) as shown in Figure
2B.
Figure 3 illustrates the structural similarity between the three
amphiphiles used in our studies: palmitoylcarnitine (LCAC top),
1-palmitoyl-lysoplasmenylcholine (LPIasC middle) and 1-palmi-
toyl-lysophosphatidylcholine (LPC bottom). Each one of these
compounds possess a polar head group and a single aliphatic
hydrocarbon chain esterified to the polar headgroup. Based on
these structural features, we would expect that these amphiphiles
would be passively and spontaneously incorporated into mem-
brane bilayers. The incorporation of these amphiphiles into the
membrane phospholipid bilayer would result in a significant
perturbation of the orderly packing of adjacent phospholipid
molecules which may also influence the conformation of integral
membrane proteins. Thus, incubation of LCAC, LPlasC, and LPC
with isolated cells, membranes or isolated proteins should result
in incorporation of these amphiphiles into the membrane bilayer
which could substantially influence integral membrane protein
activity. This is the rationale upon which the NaK-ATPase
transport studies were based.
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Fig. 2. Effect of hypoxia on the mass of lysoplasmenyicholine (LPlasCho)
Fig. 1. Effect of hypoxia on the mass of total and short chain acylcamitines (A), and monoacyl lysophosphatidyicholine (LPC) (B). A total of 4 different
(A), and long chain acelyl carnitines (B). A total of 4 different proximal proximal tubule preparations were used and in each preparation the
tubule preparations were used and in each preparation the carnitine mass lysophospholipid mass was measured three times. Values represent the
was measured three times. Values represent the mean and SEM of these mean and SEM of these four independent proximal tubule preparations.
four independent proximal tubule preparations.
Effect of amphiphiles on proximal tubule 02 consumption centage nystatin-stimulated 002 is shown in Figure 4. Maximal
nystatin stimulated proximal tubule Q02 in the absence of
In our first approach we used freshly isolated intact rabbit amphiphiles was 27 2 nmol 0 2lmin • mg protein. At concentra-
proximal tubular cells and added nystatin, a polyene antibiotic, to tions between 1 to 100 tM there was a progressive inhibition of
increase the plasma membrane permeability to sodium, and hence nystatin-stimulated ouabain inhibitable 002 that was significantly
maximally activate Na,K-ATPase activity [25, 29]. The effect of evident at 50 .LM of each compound (approximately 50% inhibi-
various concentrations of LPC, LCAC, and LPIasC on the per- tion). At this concentration none of the three amphiphiles had an
40
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Fig. 4. Effects of monoacyl lysophosphatidyicholine (LPG; •), lysoplasme-
nyicholine (LPlasCho; ), and palmitoylcamitine (LCAC; LI) on proximal
tubule maximal Na ,KtATPase dependent Q02. A total of three different
proximal tubule preparations were used and in each preparation the
oxygen consumption was measured three times. Values represent the
mean and SEM of these three independent proximal tubule preparations.
adverse effect either on ouabain-insensitive or uncoupled-stimu-
lated Q02 (Table 1). As can be seen from that Table, the maximal
rate of proximal tubule Q02 in response to FCCP treatment was
preserved with LPC. Similar results were obtained with the other
amphiphiles. Because of the tight coupling between 002 and
sodium pump activity in the proximal tubule cell [25], we con-
Table 1. Oxygen consumption (in nmol/min mg protein) of proximal
tubules exposed to various concentrations of monoacyl
lysophosphatidylcholine (LPC, N 4)
Ouabain-insensitive Uncoupled
Control 22 2 12 3 40 6
1/sM 22±2 10±1 40±9
10/sM 22±2 12±3 38±10
50/tM 21±2 9±2 38±10
100/sM 22±2 9±2 33±10
eluded that the inhibition of ouabain sensitive-nystatin stimulated
002 represents, at least in part, a direct effect on Na,Kt
ATPase activity.
Effect of amphiphiles on proximal tubule Na ,KtA TPase activity
In these experiments ouabain-sensitive Na,K-ATPase activ-
ity was measured directly on permeabilized freshly isolated prox-
imal tubules. The effect of LPC, LCAC, and LPIasC at concen-
trations between I and 25 p.M is shown in Figure 5. In control
tubules Na,K-ATPase activity was 204 46 nanomoles Pi -mg
protein' min . In the presence of increasing concentrations of
LPC, LPlasC, and LCAC there was a progressive inhibition of
pump activity with a maximal effect at 25 p.M of each compound
(32%±2.9 for LP1asC vs. 29.4%±3.9 for LCAC, and 19.9%±3.0
for LPC). At 50 p.M concentration of each compound there was a
50% inhibition of the sodium pump activity (results not shown).
Effect of amphiphiles on purified Na K-A TPase
To further define the effect of these compounds on NaK-
ATPase activity we tested their effect on a highly purified prepa-
ration of both dog kidney cortex and shark rectal gland Na,Kt
ATPasc. The NaK4 -ATPase activities in these preparations
were 400 (shark rectal glands) and 600 (dog kidney) p.mol Pi/mg
Baseline
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Fig. 3. Chemical Structure of the three amphiphiles present in kidney. Long
chain acylearniline (LCAC, top), lysoplasmenylcholine (LPlasCho, mid-
dle) and monoacyl lysophosphatidyicholine (LPC, bottom).
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Fig. 5. Percent inhibition of ouabain-sensitive proximal tubule NaK-ATPase
by monoacyl LPC (LII), palmitoylcarnitine ) and lysoplasmenyicholine (R
at concentrations of 1, 5, 10, and 25 ssi. Values represent the mean and
SEM of four independent proximal tubule preparations.
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prot/hr. Figure 6A shows the effects of 1 to 25 xM concentration
of LPC, LCAC, and LPlasC on a homogeneous preparation of
shark rectal gland NaK-ATPase. Again, there was a dose-
dependent inhibition of Na1K4-ATPase activity with a maximal
effect at 25 LM of LPC, LCAC, and LPIasC (65%, 60% and 80%
inhibition, respectively). Similar results were obtained with dog
kidney NaK-ATPase. Figure 6B shows the inhibitory effect of
10 xM LPC, LP1asC, and LCAC on dog kidney NaK-ATPase
activity. The purity of both NaK-ATPase preparations from
shark rectal glands (S) and dog kidney (D) was determined by
SDS-PAGE analysis as shown in Figure 6C.
Discussion
Mechanisms for amphiphile accumulation in the proximal tubule
LCAC accumulation. Our studies demonstrate for the first time
in kidney tissue, the accumulation of long chain acyl carnitines
during hypoxia. The kidney, like many other tissues, has the
capacity to convert 2 carbon to > 20 carbon acyl-CoAs to
acylcarnitine. The reactions are catalyzed by a family of enzymes,
the carnitine acyltransferases, which reversibly transfer the acyl
residue of acyl-CoA to the beta-hydroxyl group of carnitine. In the
mitochondria, two forms of carnitine palmitoyltransferase (CPT)
represent the enzyme responsible for the reversible transfer of
long chain acyl-CoAs to carnitine to form long chain acylcarnitine.
The reaction catalyzed by CPT-I is the rate-controlling step in
acylcarnitine formation. The acylcarnitine formed by CPT-I is
translocated to the mitochondrial matrix where CPT-II catalyzes
the transesterification of CoASH and acylcarnitine to form acyl-
CoA. The rate controlling step in the mitochondrial beta-oxida-
tion of acyl-CoA is the reaction catalyzed by 3-hydroxyacyl-CoA
dehydrogenase. This enzyme is regulated by the ratio of NADH/
NAD. During hypoxia/ischemia when oxygen delivery to the
mitochondria is severely reduced, electron transport is inhibited,
resulting in a marked increase in the ratio of reduced to oxidized
coenzymes, that is, {FADH2] + {NADH] — {FADJ + [NAD].
Concomitant with the accumulation of FADH2 and NADH, flux
trough the 13-oxidation pathway is inhibited, resulting in a marked
Fig. 6. Na,K-ATPase activity was determined
using a highly pure Na,KtATPase preparation
from shark rectal glands (A) and dog kidney (B).
The different agonists used were solubilized in
ethanol, therefore appropriate controls were
exercised. Enzyme activity was expressed as %
of control. Symbols in A are: (A) LP1asC; (•)
LPC; (U) LCAC. Each bar represents the mean
value of four determinations performed in
duplicate; the line within the bars indicates SEM.
The Na,K-ATPase activity in these
preparations was 400 (shark rectal glands) and
600 (dog kidney) itmol Pi/mg prot/hr. The
purity of both Na,KtATPase preparations
[shark rectal glands, (S) and dog kidney, (D)]
was determined by SDS-PAGE analysis (C)
using the Laemmli buffer system [301.
increase in long chain acylcarnitines. The increase in LCAC
occurs primarily in the cytosol where the amphiphilic LCAC may
become passively incorporated in the plasma membrane thereby
influencing surface membrane protein function (that is, Na,K-
ATPase). Although this sequence of events have not been verified
in the kidney, this subject is under current investigation in our
laboratory.
Lysoplasmalogen accumulation. Previous studies have shown
the predominance of plasmalogen molecular species in specific
subcellular compartments and the existence of plasmalogen selec-
tive phospholipases A2 in several tissues including myocardium
[30], platelets [311, lung and smooth muscle [16]. Our work has
also demonstrated the temporal correlation between the rapid
activation of calcium-independent plasmalogen-selective PLA2
[11] and the selective turnover of proximal tubule plasmalogens
during hypoxia [13]. Since plasmalogen selective-PLA2-catalyzed
hydrolysis of proximal tubule membrane phospholipids results in
the stoichiometric production of fatty acid and lysoplasmalogens,
this is most likely the source of lysoplasmalogens accumulation
during hypoxia.
Monoacyl lysophospholipids accumulation. Although the mech-
anisms for monoacyl lysophospholipid accumulation in the kidney
during ischemia!hypoxia have not been firmly established, our
results are in agreement with previous studies suggesting that
hypoxia/ischemia can also stimulate a calcium-dependent phos-
pholipase A2 [10]. This mechanism could account for the in-
creased formation of monoacyl LPC in the proximal tubule after
40 minutes of hypoxia. However, attenuation of the activity of the
enzymes which mediate the metabolic clearance of lysophospho-
lipids could also contribute importantly to their increased accu-
mulation. Studies in heart tissue suggest that monoacyl LPC
accumulation during ischemia is mediated by the inhibition of
LPC lysophospholipase and LPC-lysophospholipase-transacylase
activity. Further studies underway in our laboratory should deter-
mine whether inhibition of these enzymes could also account for
the increase in monoacyl lysophospholipid mass during hypoxia!
ischemia.
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We evaluated, by three different approaches, the effect of LPC,
LPLasC, and LCAC on Na4 ,K-ATPase activity. Although the
concentrations of these amphiphiles used to inhibit both proximal
tubule oxygen consumption and Na,K-ATPase activity were
higher than the concentrations used to inhibit purified renal
Na,K-ATPase, these differences could be explained by the
presence in the proximal tubule of active membrane and cytosolic
lysophospholipases which could potentially hydrolyze exogenous
lysoplasmenylcholine and lysophosphatidylcholine. Indeed, recent
studies in our laboratory [33] substantiate the presence of a very
active proximal tubule lysophospholipase and acyl-CoA indepen-
dent transacylasc which are capable of converting lysophospho-
lipids into both PC and fatty acid.
Assuming that intracellular water in the proximal tubule
amounts to 2.5 xl/mg protein [32], the concentrations of LCAC
and lysoplasmenylcholine measured in hypoxic proximal tubules
are estimated to be in the order of 25 to 50 LM, which are very
close to the concentrations that we showed can cause profound
inhibition of Na,KtATPase in a highly homogeneous prepara-
tion of dog kidney and shark rectal gland Na,K-ATPase.
Therefore our studies lend support to the notion that the produc-
tion and accumulation of these compounds may play an important
pathophysiologic role in Na,K-ATPase inhibition.
We cannot conclusively determined the functional significance
of the changes in NaK-ATPase activity during hypoxia based in
our studies. However, it is possible that persistent inhibition of the
sodium pump by either the effect of amphiphiles generated during
hypoxia or by other independent mechanism could eventually lead
to abnormalities of sodium transport with increased sodium
delivery to the distal nephron. This in turn could result in
alterations in tubuloglomerular feedback balance with a subse-
quent drop in glomerular filtration rate. These changes could
ultimately perpetuate proximal tubule injury during renal isch-
emia.
In conclusion, the present data indicate that (1) hypoxic injury
is associated with the rapid formation of long chain acyl car-
nitines, lysoplasmalogens and monoacyl lysophospholipids; (2)
structurally related monoacyl LPC, lysoplasmenylcholinc, and
palmitoyl carnitine inhibit proximal tubule Na,K-ATPase, and
(3) the inhibition of pump activity appears to be mediated by a
direct effect on NatK -ATPase transport activity. In the studies
using purified Na,K-ATPase we have verified that the inhibi-
tion on pump activity corresponds to a direct effect of the
amphiphiles on the Na ,K-ATPase molecule, rather than medi-
ated by further activation of other cell signalling systems such as
protein kinases [34—36]. Further studies are underway to establish
whether the inhibition of pump activity may be due to altered
binding affinity for sodium, potassium or ATP.
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